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Research on the diversity, evolution and stability of cooperative behaviour has generated a consider-
able body of work. As concepts simplify the real world, theoretical solutions are typically also simple.
Real behaviour, in contrast, is often much more diverse. Such diversity, which is increasingly
acknowledged to help in stabilizing cooperative outcomes, warrants detailed research about the
proximate mechanisms underlying decision-making. Our aim here is to focus on the potential
role of neuroendocrine mechanisms on the regulation of the expression of cooperative behaviour
in vertebrates. We first provide a brief introduction into the neuroendocrine basis of social behav-
iour. We then evaluate how hormones may influence known cognitive modules that are involved
in decision-making processes that may lead to cooperative behaviour. Based on this evaluation,
we will discuss specific examples of how hormones may contribute to the variability of cooperative
behaviour at three different levels: (i) within an individual; (ii) between individuals and (iii) between
species. We hope that these ideas spur increased research on the behavioural endocrinology of
cooperation.
Keywords: cooperative behaviour; vertebrates; arginine–vasopressin; oxytocin;
androgens; glucocorticoids1. THE CHALLENGE OF COOPERATION: A BRIEF
INTRODUCTION TO ITS MAIN IDEAS
Nature is full of examples of individuals helping
others, or increasing the direct fitness of other indi-
viduals. The concept of an ‘evolutionarily stable
strategy’ (Maynard Smith 1982) has been instrumen-
tal in evolutionary game theory to identify conditions
that allow stable cooperative solutions to the problem
of investments (Axelrod & Hamilton 1981; Nowak &
Sigmund 1992; Clutton-Brock & Parker 1995).
Game-theoretic approaches typically yield a single
strategy as solution, while a mixture of strategies
owing to negative frequency selection is rare
(McNamara et al. 2004).
The simplicity and precision of theoretical solutions
often contrast with reality in two ways. First, many
individuals establish privileged relationships withr for correspondence (msoares@ispa.pt).
ntribution of 14 to a Theme Issue ‘Cooperation and
n: from evolution to mechanisms’.
2737specific partners, which are treated differently from
other conspecifics (e.g. pair bonding, ‘friendships’;
Silk 2003). These privileged relationships contribute
to the individual variance in behaviour and are then
difficult to properly describe within the counting strat-
egies prominent in evolutionary game theory scenarios
(Silk 2003; de Waal & Suchak 2010). Second, even if
one excludes these privileged relationships from the
general picture, empiricists still often observe strong
variation within the behaviour of individuals. Theore-
ticians have started to incorporate this into their
models as they have realized that variation between
individuals does help to explain the persistence of con-
ditional cooperative strategies, and hence the
persistence of cooperation (Sherratt & Roberts 2001;
McNamara & Leimar 2010).
Thus, behavioural variation is indeed an important
variable to take into consideration; however, its under-
lying source still remains largely obscure. This
statement is as similarly true for the ultimate level as
for the proximate level. Variation might simply be
due to noise around an optimum, or it could beThis journal is # 2010 The Royal Society
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bution of strategies. To make things more
complex, seemingly non-adaptive behaviour might
result from correlations across contexts that may lead
to behavioural syndromes (for example ‘be aggressive
and don’t help’ or ‘be non-aggressive and help’,
Bergmu¨ller et al. 2010). Variation could result from
genetic differences, but ontogenetic effects could also
be important (‘phenotypic defectors’ in Sherratt &
Roberts 2001) because they can affect behaviour via
body condition or via individual and/or social learning.
Moreover, as mentioned above, bonding mechanisms
allow for the possibility to show certain behaviours
exclusively towards individualized partners. The
uncertainty about the causes of variation makes it
imperative to gain a better understanding of the prox-
imate causes of decision-making. Proximate factors
may be responsible for the variation or just modulate
the variation. Only if we know how individuals
decide will we be able to determine trade-offs or poss-
ible constraints that can be incorporated in generalized
models exploring the evolution and stability of
cooperation.
Relatively little research has been done with respect
to the physiological mechanisms that underlie indi-
vidual tendencies to help others. We predict that
getting a better understanding of the matter will be a
major task because of the diversity of behaviours that
have to be studied. In a nutshell, helping behaviours
can be aggressive (joint territorial defence), related
to sexual behaviour (egg trading), related to parental
behaviour (food provisioning), or related to foraging
(cooperative hunting). Moreover, these behaviours
can be directed towards a partner (grooming, food
provisioning) or third parties (territorial defence, alli-
ances). Finally, individuals may act independently of
partners (vigilance, alarm calling) or in a coordinated
manner (cooperative hunting, predator inspection).
Thus, we predict that what appears to be a uniform
phenomenon at the ultimate level—the increase of
the direct fitness of a recipient—will be based on a
great diversity of physiological and neural processes.
In this review, we discuss the possible influence of
hormones and neurohormones in regulating the
expression of helping behaviour. We will not specific-
ally distinguish between cooperative behaviour and
altruistic behaviour, though we will focus on examples
of cooperation. Hormones are likely to affect levels of
helping in various ways as they have both activational
and organizational influence on general social behav-
iour. However, only a few studies have tried to
specifically establish a link between hormones and
cooperative behaviour. Therefore, this review will
remain somewhat speculative when it comes to factual
data while conveying the need for future studies. We
will also focus on vertebrates, a restriction that largely
reflects the limits of our own expertise. In §2, we pro-
vide an introduction to the endocrine basis of social
behaviour, aimed at non-specialists. In §3, we identify
the cognitive building blocks of cooperative behaviour
and suggest how hormones may modulate these par-
ameters. Finally, in the last two sections (§§4 and 5),
we discuss in which ways hormones may explain vari-
ation in cooperative behaviour within individuals,Phil. Trans. R. Soc. B (2010)between individuals and between-species and then
briefly round-up (in §5) how general endocrine
mechanisms may or may not be implicated in the
modulation of cooperative behaviour.2. A PRIMER TO THE NEUROENDOCRINE
REGULATION OF SOCIAL BEHAVIOUR
(a) Hormonal modulation of social behaviour
Aeons before hormones themselves were discovered,
people were already aware that some physiological
characteristics (hormones) could directly influence be-
haviour. Consider farmers, for instance, who for
thousands of years removed testicles to turn unco-
operative and aggressive bulls into docile oxen; or
emperors who kept eunuch servants. The main hor-
mone responsible for those changes in behaviour is
now known as testosterone, the principal steroid
secreted by most vertebrate testes, which plays a pivo-
tal role in the regulation of morphology, physiology
and behaviour of male vertebrates (for review, e.g.
Wingfield et al. 2006).
Countless studies have convincingly demonstrated
that behaviour is influenced by hormones. The reverse
idea, that behaviour also influences hormone levels, is
more recent. The relationship between androgens and
aggressive and sexual behaviour in male vertebrates
might also be one of the best examples for this:
androgens are behavioural facilitators by acting as
modulators of neural pathways of social behaviour,
while in turn their concentrations may respond to
social circumstances (see Wingfield et al. 1990;
Oliveira 2004, 2009; Goymann et al. 2007; Goymann
2009). This reciprocal relationship between hormones
and behaviour is important: the influence of hormones
is not simply unidirectional, but includes intrinsic
feedbacks of social context and social behaviour on
hormones. Moreover, within a social network, an
individual’s androgen level will modulate perceptive,
motivational and cognitive mechanisms, that will
in turn influence future social behavioural efficiency
(Oliveira 2009). In short, hormones help animals to
deal with complex real-life problems by acting as
coordinators of behavioural, morphological and
physiological outputs at both short- and long-term
life-history scales (Adkins-Regan 2005). A single
hormone may have effects on many different aspects
of behaviour, which may depend on social context
and the life-history stage (e.g. Wingfield 2008); a
hormone may also have pleiotropic effects by affecting
many different traits at the same time, thereby acting
as the proximate mediator of functional trade-offs
(for review, e.g. Lessells 2008).
(b) How do hormones affect the expression of
behaviour?
Hormones may modulate the expression of behaviour,
but are not causes of behaviour. Behaviour is mainly
driven by internal and environmental stimuli, with
different stimuli eliciting different behaviours. For
example, courtship behaviour occurs when a male
and a female in reproductive condition meet each
other. Three functional components are involved: (i)
sensory systems that translate environmental cues
Table 1. Major hormones acting on social behaviour in vertebrates (adapted from Adkins-Regan 2005). AR, androgen
receptor; ER, oestrogen receptor; PR, progesterone receptor; GR, glucocorticoid receptor; MR, mineralocortcoid receptor;
OTR, oxytocin receptor; BNST, bed nucleus of the stria terminalis.
hormone family hormone receptor major source
sex steroids testosterone AR1, AR2 testis
oestradiol ERa, ERb1, ERb2 ovaries
progesterone PR-A, PR-B ovaries
stress steroids cortisol (humans, fish) GR1,GR2, MR adrenal glands (tetrapods)
corticosterone (rodents) inter-renal glands (fish)
neurohormones arginine–vasopressin (AVP; mammals) V1a, V1b, V2 hypothalamus
arginine vasotocin (AVT; non-mammals) BNST
oxytocin (OT; mammals), mesotocin (birds, reptiles,
amphibians), isotocin (IT; fish)
OTR hypothalamus
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integrates sensory input with endogenous activity and
(iii) effector systems (e.g. neuromuscular system) that
perform the response. Thus, in order to modulate the
expression of behaviour, hormones have to modulate
one or more of these components (Nelson 2005;
Oliveira 2005). Therefore, hormones should not be
seen as deterministic factors but instead as modulators
of behaviour that may increase or decrease the prob-
ability of the expression of a given behaviour by
acting on the neural mechanisms underlying behaviour
(Oliveira 2005).
The modulatory action of hormones on the nervous
system can occur at a functional level, by changing the
activity of a given neural circuit, or at a structural level,
by changing the architecture and/or connectivity of
different nodes of the neural circuit. Functional effects
are rapid and short-lived and can either result from a
direct effect of hormones on neural excitability and
neurotransmission (Remage-Healey & Bass 2006a)
or an indirect effect via neuromodulators (e.g. seroto-
nin and dopamine; Di Paolo 1994; Bethea et al. 2002).
Structural effects are slow and long-lasting and can
involve the recruitment of new cells to the circuit
(neurogenesis; e.g. Galea 2008), the removal of pre-
existing cells from the circuit (apoptosis; e.g. Maclusky
et al. 2003) or changes in the connectivity of the circuit
(synaptic plasticity; e.g. Parducz et al. 2006). The
rapid and transient effects of hormones on behaviour
are called activational effects, in contrast to long-
term and usually not reversible effects referred to as
organizational effects. These latter effects are usually
only effective at an early stage of life within strict
time windows termed sensitive or critical periods,
and are expected to last for the entire lifespan of
the individual. Hormones can permanently affect
(differentiate or ‘organize’) an individual’s phenotype
during development either directly, via hormones
transmitted from the mother or from litter mates to
the offspring during prenatal development, or
indirectly, by effects on the offspring’s hormonal
profile either pre- or post-natally via maternal behav-
iour, such as grooming (for instance Liu et al. 1997;
Meaney 2001), physical activity (Bick-Sander et al.
2006) or nutritional provisioning. These behavioural
traits are also likely to determine the tendency of an
individual to show cooperative behaviour.Phil. Trans. R. Soc. B (2010)(c) Chemical neuromodulation:
neurotransmitters, neuromodulators,
neurohormones and hormones
Of the many different hormones present in vertebrates,
there are three groups that have received most atten-
tion in terms of their role in the expression of social
behaviour: sex hormones, stress hormones and neuro-
peptides from the vasopressin (AVP)/oxytocin (OT)
family (table 1). The reason for this has to do with
the fact that social behaviour is naturally related with
reproduction and to responses to emergencies or
challenges (e.g. social stressors).
Both sex and stress hormones are organized
in specific neuroendocrine axes, the hypothalamic–
pituitary–gonadal (HPG) and the hypothalamic–
pituitary–adrenal (HPA) axes, both of which are
organized in a hierarchical fashion. At the top of
the hierarchy are the hypothalamic peptides, i.e.
gonadotropin-releasing hormone in the HPG and cor-
ticotropin-releasing hormone in the HPA, which
control the synthesis and release of specific tropic hor-
mones in the anterior pituitary, gonadotropins (LH
and FSH, HPG axis) and adrenocorticotrophic hor-
mones (ACTH, HPA axis), which in turn regulate
the production of specific steroids in the gonads (i.e.
testosterone in males; oestradiol and progesterone in
females) and in the adrenals (i.e. cortisol or cortico-
sterone depending on the species). In contrast to the
hierarchical organization of the HPG and the HPA
axes, the posterior pituitary receives neural projections
from the hypothalamic neurons, which end in a capil-
lary network, where the neurohormones produced by
these neurons are released into the bloodstream.
These neurohormones are nonapeptides that
belong to the AVP/OT family: AVP and OT in mam-
mals and their non-mammalian homologues,
arginine–vasotocin (AVT), mesotocin (birds, reptiles,
amphibians) and isotocin (fish). Apart from their per-
ipheral (hormonal) actions, these neuropeptides also
have central (neuromodulator) actions in the brain
that regulate social behaviour (Caldwell et al. 2008a).
Hormones are not the only modulators of neural
circuits that underlie behaviour (table 2). Neuro-
transmitters and neuromodulators are also known to
modulate behavioural expression. In contrast to the
fixed behavioural responses to environmental stimuli
(i.e. reflexes), flexible behavioural responses require
Table 2. Chemical/hormonal terminology (adapted from Nelson (2005) and Norris (2007)).
agents description
hormone an organic chemical messenger released from endocrine cells that travels through the blood system
to interact with cells some distance away and cause a bio-response. Secreted by specialized
non-neural cells into the blood
neurohormone substance secreted by neurons into the blood that may be stored in neurohemal organ prior to release
neuropeptide a peptide hormone produced by a neuron
neurosteroid a steroid hormone produced by a neuron
neuromodulator substances that do not directly activate post-synaptic receptors but that enhance the excitatory or
inhibitory responses of these receptors
neurotransmitter chemical messenger that acts across the synaptic space
chemical messenger substance produced by a cell that will in turn affect the function of another cell
2740 M. C. Soares et al. Review. Hormones and cooperative behaviour
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cal modulation of neural circuits at various levels.
Chemical synapses, with neurotransmitters that allow
focal modulation of signal transmission (in contrast
to cellular coupling in electrical synapses) represent a
first step of modulation at the level of cell–cell signal-
ling. Neuromodulators are released from neurons in a
non-synaptic fashion and may then interact with
receptors at multiple sites within significant distances
from their site of release. Therefore, neuromodulators
have a peculiarly diffuse modulator action in the
brain. In short, there is a continuum from neurocrine
to endocrine communication, and hormonal and
neural mechanisms are interconnected with multiple
reciprocal effects. However, in this review, we shall
only focus on endocrine and neuroendocrine factors
affecting cooperative behaviour; the effects of neuro-
transmitter systems and central neuromodulators fall
outside the scope of this manuscript.(d) The social brain
A set of brain areas in the basal forebrain and midbrain
have been identified as being involved in the regulation
of multiple forms of social behaviour (aggression,
affiliation, bonding, parental behaviour, social stress)
and to have bidirectional connections between each
pair (Newman 1999; Goodson 2005). These areas
include the extended medial amygdala, namely the
medial amygdala and the bed nucleus of the stria
terminalis, the lateral septum, the preoptic area, the
anterior hypothalamus, the ventromedial hypothala-
mus and the periaqueductal grey in mammals and
homologous structures in other vertebrates (Goodson
2005). This network is seen as the core of the social
brain but it is certainly not its whole, since there are
other brain areas that are quite relevant for social be-
haviour, such as the basal forebrain rewarding system
(see §3b(iv) below) and the cortical areas for executive
functions in mammals. Newman (1999) originally
proposed the existence of this social behaviour neural
network in mammals, and Goodson (2005) confirmed
its presence across different vertebrate classes and
identified the putative homologous areas for each
node in the different classes and/or taxa.
It is important to note that the social behaviour
neural network encodes information in a distributed
and dynamic fashion, such that the expression of aPhil. Trans. R. Soc. B (2010)given behaviour is better reflected by the overall profile
of activation across the different loci in the network
rather than by the activity of a single node (Goodson
et al. 2009). Therefore, it is conceivable that different
combinations of activations across nodes will be able
to produce a wide variety of social behaviour as the
weights of each node in the network may change at
different levels: at the individual level, if node weights
change temporally; at the intraspecific level, if weights
have a genetic and epigenetic component giving rise to
different social phenotypes; and at the interspecific
level, if weighting is changing with evolution (figure 1).
Steroid and neuropeptide (AVP, OT and their non-
mammalian homologues) receptors are present in
different nodes of this network, suggesting that plas-
ticity in social behaviour is likely to be modulated by
these hormones (Goodson 2005). In fact, steroid hor-
mones are also known to modulate the synthesis of
neuropeptides and their receptors and therefore may
also exert their effects indirectly through the AVP/OT
neuromodulatory system. AVP, OT and their non-
mammalian homologues (table 1) are synthesized in
two different cells groups: (i) magnocellular cells of
the supraoptic and paraventricular hypothalamus; (ii)
parvocellular neurons within the paraventricular
nuclei of the hypothalamus (for both AVP and OT)
and in the bed nucleus of the stria terminalis, the
medial amygdala and the suprachiasmatic nucleus,
which project to the limbic system (specifically for
AVP). The two cell types have different projections
associated with differential function: the OT and
AVP hypothalamic magnocellular cells project to the
posterior pituitary and these pathways are responsible
for peripheral systemic effects of these neuropeptides
(e.g. AVP: anti-diuretic; OT: parturition and lacta-
tion); whereas the AVP and OT parvocellular cells
project to limbic areas, including several of the nodes
of the social behaviour neural network described
above, and this system is responsible for central effects
on the brain (De Vries & Panzica 2006; Caldwell
2008b).
Finally, AVP and OT may also affect the expression
of behaviour through reciprocal interactions with the
dopaminergic rewarding system and with the sero-
tonergic system (Skuse & Gallagher 2009). Therefore,
the hormonal modulation of social behaviour may
occur at multiple points and at several levels of
integration: direct effects of peripheral hormones
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Figure 1. Hypothetical representation of transitions in the functional state (i.e. relative activity at each node and strength of
connectivity) of the brain social behaviour network (BSBN) corresponding to transitions on behavioural phenotype at different
levels (POA, preoptic area; Mid, midbrain; VMH, ventromedial hypothalamus; AH, anterior hypothalamus; LS, lateral
septum; eMA, extended medial amygdala). Changes in the weight of each node and in the strength of the connection between
each pair of them correlate with behavioural changes within and between species.
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Figure 2. Hormones modulate the BSBN via central effects of neuropeptides (AVT, OT) and via peripheral effects of sex and
stress steroids that may act either directly at the different nodes of the network or on the inputs or outputs of the network.
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hormones on neuropeptides (AVP/OT), direct effects
of neuropeptides, effects of neuropeptides on neuro-
modulators (dopamine/serotonin) and direct effects
of peripheral hormones on central neuromodulators
(figure 2). All of these may occur in different compart-
ments of the neural circuits underlying behaviour
(input, central processing, output), therefore affectingPhil. Trans. R. Soc. B (2010)the perception, the valence and the salience of social
interactions.3. HORMONES AND THE COGNITIVE MODULES
UNDERLYING COOPERATIVE BEHAVIOUR
In this section we will try to identify the major
cognitive parameters or building blocks of cooperative
2742 M. C. Soares et al. Review. Hormones and cooperative behaviour
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these. Once we identify these building blocks of
cooperative behaviour, we can discuss how hormones
may affect them and subsequently the expression of
cooperative behaviour itself.
(a) The building blocks of cooperative behaviour
Considering the vast diversity of examples for
cooperation, there likely exists an equal diversity of
mechanisms that regulate cooperation. For instance,
proximate mechanisms are required that make an indi-
vidual tolerate the presence of conspecifics, coordinate
its actions to produce behaviour that reduces
immediate pay-offs, recognize partners and assess
their behaviour, and choose the appropriate responses
from the available behavioural repertoire. Many of
these problems may be solved with genetically
determined rules (see Brosnan et al. 2010). However,
in many vertebrate animals, the brain mechanisms
described above allow individuals to more flexibly
respond to environmental stimuli. The perception,
evaluation and behavioural output can be adapted to
specific situations in a complex and variable world.
Hormones are known to affect and be affected by the
following components of cooperative behaviour.
(i) Prosocial behaviour
A first condition for the occurrence of cooperative
behaviour is that individuals show a predisposition to
approach conspecifics or other potential partners,
and tolerate their presence. Therefore, the tendency
to approach a partner in a cooperative context
overcome the tendency for social withdrawal.
(ii) Social recognition
Social recognition is necessary to distinguish between
cooperators and cheaters or between partners and
opponents. Individual recognition may even be neces-
sary within any group of possible partners. This
becomes important when the behavioural response
depends on the specific value of a partner. For
example, cleaner fish (Labroides dimidiatus) are able
to distinguish between familiar and unfamiliar clients
from the same client species, and prefer to interact
with familiar ones (Tebbich et al. 2002).
(iii) Social bonding
Bonding mechanisms may be necessary to avoid
aggression against partners. Bonding may also be cru-
cial for any individual’s willingness to invest: by
creating affection towards another individual, bonding
may help to overcome the problem of objective
reduction in immediate gains through cooperative
behaviour. Bonding may modulate the perception of
pay-offs and thus facilitate cooperative behaviour.
(iv) Assessment of the social environment
To be able to respond in an appropriate manner, indi-
viduals first need to evaluate their partner’s behaviour.
Is this partner cooperating or rather holding back
its efforts? Are its efforts good enough to elicit
cooperation? Both the perception of the partner’s
effort and the critical threshold that may cause aPhil. Trans. R. Soc. B (2010)switch in behavioural responses can be affected by
hormones. In some cases, individuals respond directly
to the behaviour of the partner. For instance, clients of
the cleaner wrasse L. dimidiatus flee or chase the clea-
ner if it takes a bite of mucus instead of eating parasites
(Bshary & Grutter 2002). Another kind of assessment
occurs when cooperative benefits arise owing to the
behaviour of a third party. In these cases, interactions
take place in a communication network. Bystanders
may gain information about interacting partners and
may adjust their future behaviour with these partners
depending on their observations. Bystanders must
choose appropriate behaviours without having had
personal experiences with potential interaction part-
ners. Similarly, the interaction partners may adjust
their current behaviour depending on the presence or
absence of bystanders (‘audience effects’; see also
Earley 2010). For example, humans are more coopera-
tive if they are observed by third parties than if they
remain anonymous (Milinski et al. 2002).
(v) Social memory and learning
Individuals may adjust their behaviour depending on
how a partner has behaved in the past, especially if
these previous interactions were risky or involved
cheating. Under such circumstances, memory
becomes important.
(vi) Temporal discounting
In a cooperative context, individuals sometimes choose
a lower immediate reward to maintain future benefits.
For example, the cleaner wrasse L. dimidiatus feeds
against its preference when interacting with a client
reef fish (Grutter & Bshary 2003). If instead, the
cleaner chooses the larger immediate benefit (a bite
of mucus), it may risk losing the chance for numerous
future interactions. The cleaner thus must forsake the
larger immediate benefit in order to gain future
rewards.
(vii) Partner choice
Individuals may often choose among potential part-
ners for an exchange of goods or services. This
biological market paradigm (Noe¨ 2001) is linked to
communication and negotiation. Simple (i.e. genetic-
ally coded) solutions may exist, for example if
partners are sessile (Brosnan et al. 2010). To choose
an appropriate partner, most animals need to develop
what we refer to as ‘cooperative behavioural compe-
tence’. This means they have to: (i) analyse partner
quality and judge honesty/deception signals; (ii) recog-
nize, memorize and categorize features of former
interaction partners to build long-lasting relationships;
(iii) apply different strategies depending on the context
(levels of investment).
(b) How hormones may affect cooperative
behaviour by acting on its building blocks
(i) Hormones and prosocial behaviour
It has been hypothesized that AVP and OT may
influence basic emotional mechanisms that regulate
social approach and social aversion (Porges 2001).
According to this hypothesis, OT acting on hindbrain
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behaviour, whereas AVP acting on sympathetic path-
ways should be associated with social withdrawal
and/or aggression. Some empirical results give support
to this theory. For example, in the goldfish (Carassius
auratus), central infusions of AVT inhibit social
approach, whereas the administration of an AVT
antagonist or of IT stimulated social approach
(Thompson & Walton 2004).(ii) Hormones and social recognition
Social animals may take advantage of living in groups
which are organized in complex social networks of
related and unrelated individuals. To ensure successful
operation within the group, individual recognition and
cooperation between individuals (e.g. pair partners or
similar social alliances) may be essential. Individual
recognition or recognition of different classes of
social partners (e.g. cooperators versus non-
cooperators) is both the basis and the consequence
of interactions with others, and requires consolidation
of memory of past interactions and outcomes.
The role played by AVP and OT in the formation of
social memories, that is, the process of learning to dis-
tinguish familiar from non-familiar individuals, has
been investigated in detail in laboratory rodents
(reviewed by Lim & Young 2006). In rats and mice,
social recognition can be evaluated by measuring the
duration of olfactory investigation of other individuals.
Typically, olfactory investigation is longer for un-
familiar individuals than for familiar ones. An
involvement of OT in the formation of social mem-
ories was first shown by Dantzer et al. (1987) and
was recently confirmed by studies with transgenic
mice lacking the OT genes. OT-knockout mice are
not olfactory impaired and show no generalized
deficits in learning and memory, and yet they fail to
show behaviours which would indicate that they recog-
nize familiar individuals, even after repeated
encounters (Ferguson et al. 2000). The demonstration
that this type of social learning is in fact depending
on OT is quite straightforward: a single OT treatment
of OT-deficient mice before a social interaction is
sufficient to restore the later recognition of that
interaction partner (Ferguson et al. 2001, 2002).
Besides laboratory rodents, the involvement of OT in
social recognition has been shown in ewes and in
monogamous prairie voles. In monogamous voles,
OT is important for mate recognition and pair bond
formation (Young & Wang 2004). More recently, it
has been shown that OT in particular can have import-
ant effects on social recognition in humans. Intranasal
administration of OT improves the capacity to recog-
nize faces, but has no effect on the memorization of
non-social stimuli (Rimmele et al. 2009).
The involvement of AVP in the formation of social
memories was originally illustrated by the finding of
the AVP-deficient Brattelboro rat, which has a totally
disrupted social recognition (Feifel et al. 2009).
Thus, AVP seems also to be involved in olfactory
social recognition in mice. Moreover, the AVP V1a
receptor (V1aR) has also been implicated in individual
recognition. Males with a null mutation for thePhil. Trans. R. Soc. B (2010)vasopressin V1aR exhibit a profound impairment of
social recognition (Bielsky et al. 2004), while injections
of a V1aR-specific antagonist into the lateral septum
(but not the medial amygdala) impair social
recognition (Bielsky et al. 2005). In fact, the over-
expression of this receptor in the lateral septum of
wild-type mice potentiates social recognition, while
in V1aR knockout mice (V1aRKO), the re-expression
of V1aR (using a viral vector) in the lateral septum
rescues the deficit in social recognition typical
of V1aRKO mice (Bielsky et al. 2005). Together,
these results suggest that AVP acting on the lateral
septum plays a critical role in olfactory social
recognition in mice.(iii) Hormones and social bonding
Social and/or individual recognition allows animals to
establish preferential relationships with chosen indi-
viduals within their social groups. The emergence of
social bonds depends on the expression of preferences
associated with specific individuals (and not others),
which underlies the emergence of different types
of social behaviour, such as parental care and pair-
bonding (i.e. strong bonds between mating pairs).
The formation and maintenance of pairs is a good
example of cooperation between two unrelated
individuals, as both may benefit from tolerating
and supporting each other. Pair bonding is also a
behavioural trait that may easily be assessed in labora-
tory conditions by, for instance, standardized partner
preference tests (e.g. Williams et al. 1992). Different
vole species have been used in comparative studies
of pair-bonding mechanisms which show marked
interspecific differences in terms of social attachment
(which is reflected in their mating system) despite
their close phylogenetic relationship.
Cooperation between pair partners is particularly
relevant for maintaining the pairbond, at least in
long-term monogamous species. The maintenance of
a pairbond is the result of ‘bilateral’ interactions
between pair partners and of ‘multilateral’ interac-
tions between the pair and its social environment.
Therefore, when searching for behavioural and physio-
logical correlates of successful reproduction, it may
be revealing to shift the unit of analysis from the
individual to the pair. For example, in greylag goose
(Anser anser) pairs, a compatible timing of peaks and
troughs in the seasonal androgen patterns of the
male and the female pair partner predicts individual
fitness of both pair partners, as well as the pair’s
breeding success (Hirschenhauser et al. 1999; Weiß
et al. 2010). Yet, testosterone co-variation may equally
be the cause or consequence of pair synchronization.
In birds and mammals, female testosterone is
related to sexual motivation and fecundity. In males
of all vertebrate taxa, testosterone regulates and
responds to sexual and/or agonistic interactions. It
may be viewed as a physiological mediator of the
trade-off between investing into male–male aggres-
siveness or paternal care, although this is not a
ubiquitous phenomenon. Thus, a coordinated pair
may be more successful even beyond the immediate
benefit of reproduction, e.g. during conflicts with its
2744 M. C. Soares et al. Review. Hormones and cooperative behaviour
 on August 2, 2010rstb.royalsocietypublishing.orgDownloaded from social environment for access to food or in coping with
unexpected disturbances.(iv) Hormones and the assessment of valence
and salience of social information
Animals must assess the valence (positive versus nega-
tive) and salience (high versus low) of social stimuli in
their environment. Two brain systems are critical for
the attribution of valence to social stimuli: the amyg-
daloid complex and the basal forebrain rewarding
system. The amygdala has been viewed as a danger
detection centre in the brain, which is activated when
a potential threat is detected in the environment
(LeDoux 2007). The activation of the amygdala in a
social context leads to social anxiety and withdrawal,
which happens for example in response to unfamiliar
conspecifics or threatening adversaries (Stein et al.
2002). For example, in humans fearful faces elicit
the activation of the amygdala (Whalen et al. 1998)
and patients with lesions of the amygdala fail to recog-
nize fearful faces and display behavioural disinhibition
(Adolphs et al. 2005). On the other hand, decreased
activation of the amygdala has been associated with
hypersociability (Meyer-Lindenberg et al. 2005).
OT and AVP seem to have opposite effects on the
modulation of the amygdala and the concomitant
assessment of the valence of social stimuli. In
humans, the intranasal infusion of OT reduces the
activation of the amygdala in response to threatening
faces (Kirsch et al. 2005), whereas AVP increases the
subjective perception of threat to emotionally neutral
faces, evoking responses similar to those elicited by
angry facial expressions (Thompson et al. 2004,
2006). These opposite effects have a parallel at the cel-
lular level, since these two neuropeptides excite
different neuronal populations in the central amyg-
dala: OT has excitatory effects on GABAergic
neurons that inhibit neurons which can be excited by
AVP (Huber et al. 2005; Viviani & Stoop 2008).
Since the central amygdala is a major source of projec-
tions from the amygdaloid complex to the autonomic
nervous system, the opposite effects of OT and AVP
on its activity may be a way of regulating the expression
of autonomic signals of fear, which may affect the
motivation to cooperate, in other words, the trust in
a social partner. In line with this hypothesis two inde-
pendent studies have suggested a role for OT in
promoting trust in a partner in a social context. In
one study, intranasal OT administration increased
money transfer by investors in a trust game, but had
no effect in risk-taking in a non-social context (Kosfeld
et al. 2005). In another study, OT increased trusting
behaviour and decreased amygdala activation during
a trust game (Baumgartner et al. 2008). Thus, OT
seems to increase trust by reducing amygdala acti-
vation and concomitantly anxiety states associated
with the possibility of non-reciprocation.
Social interactions can be rewarding and lead to
further interactions with the same partner. The
rewarding value of social interactions suggests that
their valence and salience might be coded by the cir-
cuitry involved in reward-learning, namely the
mesolimbic dopaminergic pathway. Brain imagingPhil. Trans. R. Soc. B (2010)studies of humans showed that this may be a more
general mammalian or vertebrate phenomenon
(Bartels & Zeki 2004; Zeki 2007). The mesolimbic
dopaminergic pathway also seems to be involved in
decision-making in the context of reciprocal exchange
(Rilling et al. 2008) and thus may be of particular
interest for the study of proximate mechanisms of
cooperation.
Most importantly, these dopaminergic reward path-
ways in the brain are also under the influence of AVP
and OT. Neuropeptide receptors for OT and AVP
interact with dopamine receptors in the reward centres
of prairie voles (Young & Wang 2004) and potentially
other mammals, including humans and birds
(reviewed in Fisher et al. 2006). OT- and AVP-
releasing neurons project into the midbrain and exert
an influence on the mesolimbic dopaminergic reward
pathway (reviewed in Skuse & Gallagher 2009).
Thus, if central OT and AVP influence midbrain
dopaminergic reward centres, these neuropeptides
could potentially modulate cooperative behaviour in
vertebrates.(v) Hormones, memory and social learning
Hormones can influence learning processes. Because
cooperation and conflict are often based on individual
recognition and memory of the partner or opponent,
hormone-modulated learning may play an important
role in establishing social relationships. Hormones
may also be involved in other learning and memory
tasks relevant for the expression of cooperative behav-
iour. For example, the ability to remember specific
aspects of past social encounters, such as a relative
place in time and space, associated emotions and
other contextual knowledge (i.e. episodic memory)
would allow individuals to reciprocate cooperative
behaviour and to punish non-cooperators. The exist-
ence of episodic memory in animals is still a matter
of debate (Clayton et al. 2003; Suddendorf & Busby
2003; Roberts et al. 2008). Nevertheless, some criteria
related to episodic memory have been investigated
and confirmed for mammals and birds, including
‘what–where–when memory’: whether an animal
remembers information about a specific event experi-
enced in a given spatial location and at a particular
time in the past (e.g. Babb & Crystal 2005).
The presence of steroid hormone receptors in the
hippocampus (McEwen 2001; Hajszan et al. 2007), a
brain area involved in relational memory processing
and episodic memory (Squire 1992; Eichenbaum
et al. 1999), indicates a potential role of steroids as
modulators of higher brain functions. Moreover,
both sex steroids (in particular oestrogens) and gluco-
corticoids modulate learning and memory processes.
For example, the decrease in circulating oestrogen in
the menopause brings about cognitive deficits, which
include reduced capacity for spatial learning. There
is also evidence that oestrogens are involved in social
learning (Markham & Juraska 2007).
Some recent evidence suggests a possible involve-
ment of AVP (through its V1b receptor) in episodic-
like memory in terms of social interactions. Apart
from deficits in aggressive behaviour and social
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play impaired social memory, despite having normal
olfactory ability and other memory functions (e.g.
spatial memory; Wersinger et al. 2004). Since the
V1b receptor is expressed in pyramidal cells of the
CA2 hippocampal area (Young et al. 2006), which
are similar to place cells involved in spatial memory
formation, it has been hypothesized that this particular
population of pyramidal cells would be involved in
either the formation or recall of memories of past
social encounters, and that the V1b receptor would
be relevant in the modulation of these memories
(Caldwell et al. 2008b).4. VARIATION IN COOPERATIVE BEHAVIOUR:
INTEGRATING HORMONES AND COOPERATION
From what has been outlined in the previous sections,
it should be clear that most hormones cannot be
expected to directly cause behavioural decisions.
Unlike neuronal signals, hormones target areas of the
brain rather than specific post-synaptic cells, or may
reach the entire body, thus influencing systemic adjust-
ments. Hormones may affect the basic mood of an
individual, which in turn may influence neuronal
decisions. With this in mind, we can now ask under
which conditions hormones may influence levels of
cooperation.
Under natural conditions, hormones may affect
levels of cooperation in three different ways. First, hor-
mones may work through organizational effects during
ontogeny, which may cause differentiation between
individuals with respect to growth, strength and per-
sonality, and which in turn may lead to consistent
differences between individuals with respect to behav-
iour; including levels of cooperation (see Bergmuller
et al. 2010). Second, activational effects, in which
hormones prepare individuals for specific life-history
stages, may promote or hinder the expression of
cooperative behaviour in different life stages. Third,
species with different life histories will differ both
with respect to organizational and activational effects
of hormones, which may also promote or hinder the
expression of cooperative behaviour. We will now
discuss these three issues in more detail.
(a) Organizational effects of hormones
and levels of cooperation
There is plenty of evidence to suggest that the early
environment causes long-term effects in individual
organization and behaviour, including levels of
cooperation. A large body of work in litter-bearing
rodents (especially mice, rats and gerbils) has
demonstrated that siblings influence each other’s
hormonal milieu in utero, which in turn affects
their morphology and social behaviour later in life
(Clark & Galef 1998). For example, male Mongolian
gerbils (Meriones unguiculatus) situated during ges-
tation between two female siblings show up to a 50
per cent increase in alloparental care (to offspring
that are not their own) and lower rates of aggressive
behaviour when compared with males situated
between two male siblings during gestation (Clark &
Galef 1998, 2000).Phil. Trans. R. Soc. B (2010)Elegant studies in rats have shown that the mother’s
degree of maternal care (e.g. her licking and groom-
ing) to newborn offspring can profoundly affect its
behavioural phenotype during adulthood, in particular
its stress responsiveness, brain organization and social
behaviour (including her own maternal behaviour as
an adult, e.g. Meaney 2001). These effects are
mediated by stress hormones, the secretion of which
is increased after the separation of the mother from
her offspring and decreased again when she is allowed
to lick and groom her offspring intensively after the
separation. The organizational effect of maternal be-
haviour on her offspring has been pinpointed to
epigenetic effects, specifically a demethylation of the
glucocorticoid receptor gene in the hippocampus,
leading to a permanent increase in the expression of
this receptor with subsequent effects on stress and
social behaviour in adult life (e.g. Weaver et al.
2004). Mothering behaviour also has strong effects
on other aspects of hippocampal organization, such
as dendrite and spine lengths, affecting memory and
cognitive abilities of her offspring in adulthood
(Champagne et al. 2008). Finally, the degree of
maternal care can also determine the density of OT
and oestrogen receptors in the medial preoptic
area in females, and of AVP receptors in males
(Champagne et al. 2003).
Not only steroid hormones, but also neuropeptides
can impact an individual’s social phenotype during
development (reviewed in Cushing & Kramer 2005).
Both OT and AVP have organizational effects on the
brain both during the neonatal as well as postnatal
periods in rodents, with sex-specific effects (Cushing &
Kramer 2005). In prairie voles, a single injection of
OT on the day of birth affects aggressive behaviour
(Carter 2003) and male alloparenting rates (Bales
et al. 2004). Likewise, administration of AVP soon
after birth increases aggressive behaviour in adult
male prairie voles (Stribley & Carter 1999) and
changes risk-taking and social behaviour in rats
(Boer et al. 1994). Furthermore, in California mice
(Peromyscus californicus), social experiences during
the pre-weaning period (being raised by either monog-
amous conspecifics or by closely related polygynous
P. leucopus) changed the aggressive behaviour
expressed by these mice as adults with corresponding
changes in brain AVP expression (Bester-Meredith &
Marler 2001).(b) Activational effects of hormones to prepare
individuals for life-history stages
In long-lived species and in particular those inhabiting
arctic and temperate climates, environmental con-
ditions change in a predictable fashion across the
seasons. Species have adapted to these changes by
adjusting their life history: specific times of the year
are used for specific activities. Most notably, spring
and summer are typically used for reproduction.
Hormones play a key role in the transitions from one
life-history stage to the next (e.g. Wingfield et al.
2006). When different life-history stages are linked to
different cooperative tasks or to different levels of
cooperation and competition, hormones may be part
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in levels of cooperation throughout the year.
In males, an increase in testosterone prepares the
individual for breeding: the size of the gonads
increases and sperm production starts, and secondary
sexual traits may develop. At the behavioural level, the
increase in testosterone levels prepares males to display
territorial behaviour, courtship and mating. Conse-
quently, males can be expected to be particularly
self-centred during this life-history stage and hence
less cooperative. However, testosterone may play a
positive role in pair-bonding during this life-history
stage in long-term monogamous species (see §3b(iii)
above), and in group-living species testosterone could
play a role in cooperative tasks of males that involve
aggressive behaviour, i.e. the defence of a common
territory.
Corticosteroids prepare animals for energy-
demanding periods. In many vertebrates, baseline
levels of corticosteroids are higher during the breeding
season than during the rest of the year. These changes
in baseline levels are known to affect social behaviour
in various ways, i.e. by enhancing foraging, food
intake (Koch et al. 2002), attention levels and alertness
(Chapotot et al. 1998), and also affectionate inter-
actions with infants (Fleming et al. 1997). Parents
are prepared to work hard to raise their young. In
species with biparental care, glucocorticoids may
have a positive effect on cooperation between parents
raising offspring (Goymann & Wingfield 2004). Glu-
cocorticoids also have a positive effect on pup
feeding by helpers in cooperatively breeding meerkats
(Carlson et al. 2006a). Helpers with higher glucocorti-
coid levels provided more food to pups than helpers
with low glucocorticoid levels. However, it is import-
ant to emphasize that the effects of glucocorticoid
concentrations are usually nonlinear. Above a critical
threshold, glucocorticoids cause an emergency life-his-
tory response, which may result in abandoning current
activities, including the desertion of young or main-
taining social relationships (Adkins-Regan 2005).
In male meerkat helpers, Carlson et al. (2006b) also
found an effect of prolactin on helping behaviour.
Elevated prolactin levels immediately preceded
decisions to babysit. Furthermore, it appears that sub-
ordinate females downregulate oestrogen levels to a
point that their fertility is greatly reduced (Young
et al. 2008a,b). They are more likely to remain in the
helper role than to become a breeder. The downregu-
lation is most likely an adaptation to the risks that
dominant females will kill offspring of subordinates
or that they will evict pregnant subordinates (Young
et al. 2008a,b). Thus, at least three types of
hormones—prolactin, oestrogen and glucocorticoids,
seem to affect helping behaviour in one general
context, namely the contribution of helpers in
cooperatively breeding species.(c) Hormonal effects that explain differences
between species
Species differ in life histories, and hormones are
involved in the regulation of and transition between
life-history stages. Because the effects of hormonesPhil. Trans. R. Soc. B (2010)differ between species with different life-history
stages, one could predict that they also play a role in
modulating species differences in cooperation. In par-
ticular, personality differences between species and
differences in social tolerance may be key features
modulated by hormones that could have implications
on cooperative behaviour. For example, the behaviour-
al differences between cooperatively breeding primate
species and others, as discussed by Jaeggi et al.
(2010) and by de Waal & Suchak (2010), may well
be due in part to divergent organizational effects of
hormones. In estrildid finches, species differences in
sociality are associated with the differential activation
of AVT neurons in the bed nucleus of the stria termi-
nalis (BNST), a brain nucleus known to regulate social
approach and withdrawal (Goodson & Wang 2006). In
response to the presence of a same sex individual, the
expression of immediate early genes in BNST AVT
neurons is higher in individuals from gregarious and
colonial species than in individuals from territorial
species (Goodson & Wang 2006). The number of
AVP neurons in the BNST and the density of the
AVP V1a receptor in the lateral septum, an area
that receives projections from BNST neurons, is
also higher in gregarious than in asocial species
(Goodson & Wang 2006; Goodson et al. 2006).
These results reveal a mechanism that allows gregar-
ious species to accentuate the positive valence of
social stimuli during social interactions, therefore
promoting prosocial behaviour. If we generalize these
findings, we could predict similar results between
phylogenetically related species that express or do
not express cooperative behaviour.
Comparative studies of central AVP and OT sys-
tems in the vole brain have revealed a conserved
pattern of distribution for AVP and OT, but an other-
wise divergent pattern between monogamous and
promiscuous vole species in terms of distribution of
their receptors (see Young et al. (2008a,b) for a
recent review). These differences are associated with
the type of social organization and are not necessarily
species-specific, since both monogamous prairie and
pine voles share a similar pattern of AVP V1a receptor
and OT receptor labelling in the brain, whereas pro-
miscuous montane and meadow voles show a
different pattern (Young et al. 2008a,b). Neurophar-
macological studies have confirmed the close
involvement of AVP and OT in pair bond formation
across vole species. Brain administration of a V1a
receptor or an OT receptor antagonist prevented
mating, but induced partner preference formation,
whereas the administration of AVP induced partner
preference even without mating (e.g. Winslow et al.
1993; Williams et al. 1994; Lim et al. 2004). Although
it was initially thought that AVP and OT would have
sex-specific roles in pair-bonding, recent evidence
demonstrates that both neuropeptides are involved in
pair-bond formation in both sexes, with males being
more sensitive to AVP, and females to OT (Young
et al. 2008a,b). The involvement of AVP and OT in
social attachment in a non-mating context remains to
be investigated. In short, both comparative data in
estrildid finches presented above, on the association
between the degree of sociality and the socially
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together with data on the association among pair-
bonding, mating systems and OT in voles, suggest
that the evolution of social behaviour, including coop-
erative behaviour, may emerge by selection on discrete
nuclei in the brain (Goodson et al. 2005), which are
receptive to hormonal or neurohormonal modulation.5. CONCLUDING REMARKS
In this review, we have established a potential role for
hormones as mechanistic levers of cooperative behav-
iour. Because there is very little, if any, research on
these hormonal mechanisms in a cooperative context,
most of what we have developed was based on know-
ledge about the role of hormones in general social
behaviour. Although much of what we have stated
above remains speculative for a cooperative scenario,
this reflection is basically intended to outline the first
mechanistic research approach to cooperative behav-
iour. In the ‘finite state machine theory’, Jacobs &
Wingfield (2000) explain why different hormones
may be linked to the same behaviour during different
life-history stages. We think that this should be kept
in mind; just as territorial aggression may be regulated
by different hormones during different life-history
stages (Canoine & Gwinner 2002; Soma et al. 2008),
different hormones may modulate cooperation in
different life-history contexts. Indeed, hormones may
play a more prominent role in the modulation of
behaviour when this is restricted to a particular life-
history stage or context (Adkins-Regan 2005), contrary
to a permanent or year-round behaviour, in which
activation is less likely to be influenced by hormones.
Thus, year-round cooperative behaviour, such as
cooperative territoriality or hunting, may be less
modulated by hormones than seasonal cooperative be-
haviour, such as cooperative breeding. Year-round
cooperative behaviours may be hard-wired by neuronal
pathways instead or influenced by hormones only
during ontogeny (i.e. organizational effects). Further-
more, the time-course of cooperative behaviour may
be important: most hormones act within minutes.
Thus, if cooperative behaviour changes within
seconds, it is unlikely to be hormone-dependent. For
example, increased cooperative behaviour induced by
a previous interaction with a predator client in cleaner
fish (Bshary et al. in press) is more likely to be modu-
lated by changes in neurotransmitters and central
neuromodulators than by hormones produced in per-
ipheral glands. For example, in rainbow trout
(Oncorhynchus mykiss), individuals defeated by larger
aggressive fish display subsequent displaced aggression
towards smaller individuals. The possibility of redir-
ecting aggression towards a subordinate fish is
associated with increased serotonergic activity in the
forebrain rather than changes in circulating cortisol
(Øverli et al. 2004). This does not mean that steroids
may not mediate rapid actions on behaviour, but the
delay between the stimulus that elicited the steroid
response and the subsequent effects of this steroid
surge on behaviour will occur in the order of minutes
rather than seconds (Remage-Healey & Bass 2006b).
Thus, the temporal scale of variation in cooperativePhil. Trans. R. Soc. B (2010)behaviour may be used as a cue to whether hormones
may be involved in the modulation of this behaviour.
In conclusion, this review is generally meant to
serve as a starting point in integrating the fields of
endocrinology and cooperative behaviour. We hope
this overview will generate interest and unlock new
research avenues that will unravel the complexity of
cooperative behaviour on a more mechanistic level.
We thank Jose´ Miguel Simo˜es for drawing the figures and
Andy Young and Alexandre Roulin for helpful comments
on an earlier version of the manuscript. During the writing
of this review, M.S. was supported by a post-doctoral
fellowship from Fundac¸a˜o para a Cieˆncia e a Tecnologia
(FCT) from the Portuguese Ministry of Science and
Technology. M.S. and R.F.O. research is supported by an
FCT grant (MAR-LVT-331/ RG-LVT-331-2352). R.B. is
supported by the Swiss Science Foundation. L.F. is
supported by NSF and the Italian Ministry of Research,
W.G. and M.H. are supported by the Max-Planck-
Gesellschaft and K.H. by the Alexander von Humboldt-
Stiftung.REFERENCES
Adkins-Regan, E. 2005 Hormones and social behavior.
Monographs in Behavior and Ecology. Princeton, NJ:
Princeton University Press.
Adolphs, R., Gosselin, F., Buchanan, T. W., Tranel, D.,
Schyns, P. & Damasio, A. R. 2005 A mechanism for
impaired fear recognition after amygdala damage.
Nature 433, 68–72. (doi:10.1038/nature03086)
Axelrod, R. & Hamilton, W. D. 1981 On the evolution of
co-operation. Science 211, 1390–1396. (doi:10.1126/
science.7466396)
Babb, S. J. & Crystal, J. D. 2005 Discrimination of what,
when, and where: implications for episodic-like memory
in rats. Learn. Motiv. 36, 177–189. (doi:10.1016/j.lmot.
2005.02.009)
Bales, K. L., Pfeifer, L. A. & Ca´rter, C. S. 2004 Develop-
mental effects of manipulations of oxytocin on
alloparenting and anxiety in prairie voles. Dev. Psychobiol.
44, 123–131.
Bartels, A. & Zeki, S. 2004 The neural correlates of maternal
and romantic love. NeuroImage 21, 1155–1166. (doi:10.
1016/j.neuroimage.2003.11.003)
Baumgartner, T., Heinrichs, M., Vonlanthen, A.,
Fischbacher, U. & Fehr, E. 2008 Oxytocin shapes the
neural circuitry of trust and trust adaptation in
humans. Neuron 58, 639–650. (doi:10.1016/j.neuron.
2008.04.009)
Bergmu¨ller, R., Schu¨rch, R. & Hamilton, I. M. 2010 Evol-
utionary causes and consequences of consistent
individual variation in cooperative behaviour. Phil. Trans.
R. Soc. B 365, 2751–2764. (doi:10.1098/rstb.2010.0124)
Bester-Meredith, J. K. & Marler, C. A. 2001 Vasopressin
and aggression in cross-fostered California mice
(Peromyscus californicus) and whitefooted mice (Peromyscus
leucopus). Horm. Behav. 40, 51–64. (doi:10.1006/hbeh.
2001.1666)
Bethea, C. L., Mirkes, S. J., Su, A. & Michelson, D. 2002
Effects of oral estrogen, raloxifene and arzoxifene on
gene expression in serotonin neurons of macaques.
Psychoneuroendocrinology 27, 431–445. (doi:10.1016/
S0306-4530(01)00054-3)
Bick-Sander, A., Steiner, B., Wolf, S. A., Babu, H. &
Kempermann, G. 2006 Running in pregnancy transiently
increases postnatal hippocampal neurogenesis in the
offspring. Proc. Natl Acad. Sci. USA 103, 3852–3857.
(doi:10.1073/pnas.0502644103)
2748 M. C. Soares et al. Review. Hormones and cooperative behaviour
 on August 2, 2010rstb.royalsocietypublishing.orgDownloaded from Bielsky, I. F., Hu, S. B., Szegda, K. L., Westphal, H. &
Young, L. J. 2004 Profound impairment in social
recognition and reduction in anxiety-like behavior in
vasopressin V1a receptor knockout mice. Neuropsycho-
pharmacology 29, 483–493. (doi:10.1038/sj.npp.1300360)
Bielsky, I. F., Hu, S. B., Ren, X., Terwilliger, E. F. & Young,
L. J. 2005 The V1a vasopressin receptor is necessary and
sufficient for normal social recognition: a gene replace-
ment study. Neuron 47, 503–513.
Boer, G. J., Quak, J., Devries, M. C. & Heinsbroek, R. P. W.
1994 Mild sustained effects of neonatal vasopressin
and oxytocin treatment on brain growth and behavior
of the rat. Peptides 15, 229–236. (doi:10.1016/0196-
9781(94)90007-8)
Brosnan, S. F., Salwiczek, L. & Bshary, R. 2010 The inter-
play of cognition and cooperation. Phil. Trans. R. Soc. B
365, 2699–2710. (doi:10.1098/rstb.2010.0154)
Bshary, R. & Grutter, A. S. 2002 Experimental evidence that
partner choice is a driving force in the payoff distribution
among cooperators or mutualists: the cleaner fish case.
Ecol. Lett. 5, 130–136. (doi:10.1046/j.1461-0248.2002.
00295.x)
Bshary, R., Oliveira, R. F. & Grutter, A. S. In press. Short
term stress increases the level of cooperation in the clean-
er wrasse Labroides dimidiatus. Behav. Ecol. Sociobiol.
Caldwell, H. K., Lee, H. J., Macbeth, A. H. & Young, W. S.
2008a Vasopressin: behavioral roles of an ‘original’ neuro-
peptide. Prog. Neurobiol. 84, 1–24. (doi:10.1016/j.
pneurobio.2007.10.007)
Caldwell, H. K., Wersinger, S. R. & Young, W. S. 2008b The
role of the vasopressin 1b receptor in aggression and other
social behaviours. Prog. Brain Res. 170, 65–72. (doi:10.
1016/S0079-6123(08)00406-8)
Canoine, V. & Gwinner, E. 2002 Seasonal differences in the
hormonal control of territorial aggression in free-living
European stonechats. Horm. Behav. 41, 1–8. (doi:10.
1006/hbeh.2001.1720)
Carlson, A. A., Manser, M. B., Young, A. J., Russell, A. F.,
Jordan, N. R., McNeilly, A. S. & Clutton-Brock, T. H.
2006a Cortisol levels are positively associated with pup-
feeding rates in male meerkats. Proc. R. Soc. B 273,
571–577. (doi:10.1098/rspb.2005.3087)
Carlson, A. A., Russell, A. F., Young, A. J., Jordan, N. R.,
McNeilly, A. S., Parlow, A. F. & Clutton-Brock, T. H.
2006b Elevated prolactin levels immediately precede
decisions to babysit by male meerkat helpers. Horm.
Behav. 50, 94–100. (doi:10.1016/j.yhbeh.2006.01.009)
Carter, C. S. 2003 Developmental consequences of
oxytocin. Physiol. Behav. 79, 383–397. (doi:10.1016/
S0031-9384(03)00151-3)
Champagne, F. A., Weaver, I. C. G., Diorio, J., Sharma, S. &
Meaney, M. J. 2003 Natural variations in maternal
care are associated with estrogen receptor A expression
and estrogen sensitivity in the medial preoptic area.
Endocrinology 144, 4720–4724. (doi:10.1210/en.2003-
0564)
Champagne, D. L., Bagot, R. C., van Hasselt, F., Ramakers,
G., Meaney, M. J., de Kloet, E. R., Joels, M. & Krugers,
H. 2008 Maternal care and hippocampal plasticity:
evidence for experience-dependent structural plasticity,
altered synaptic functioning, and differential responsive-
ness to glucocorticoids and stress. J. Neurosci. 28,
6037–6045.
Chapotot, F., Gronfier, C., Jouny, C., Muzet, A. &
Brandenberger, G. 1998 Cortisol secretion is related to
electrocephalographic alertness in human subjects
during daytime wakefulness. J. Clin. Endocrinol. Metab.
83, 4263–4268. (doi:10.1210/jc.83.12.4263)
Clark, M. M. & Galef, B. G. 1998 Perinatal influences on
the reproductive behavior of adult rodents. In MaternalPhil. Trans. R. Soc. B (2010)effects as adaptations (eds T. Mousseau & C. Fox),
pp. 261–271. Oxford, UK: Oxford University Press.
Clark, M. M. & Galef, B. G. 2000 Why some male
Mongolian gerbils help at the nest: testosterone,
asexuality and alloparenting. Anim. Behav. 59, 801–
806. (doi:10.1006/anbe.1999.1365)
Clayton, N. S., Bussey, T. J. & Dickinson, A. 2003 Can
animals recall the past and plan for the future? Nat.
Rev. Neurosci. 4, 685–691. (doi:10.1038/nrn1180)
Clutton-Brock, T. H. & Parker, G. A. 1995 Punishment in
animal societies. Nature 373, 209–216. (doi:10.1038/
373209a0)
Cushing, B. S. & Kramer, K. M. 2005 Mechanisms under-
lying epigenetic effects of early social experience: the
role of neuropeptides and steroids. Neurosci. Biobehav.
Rev. 29, 1089–1105.
Dantzer, R., Bluthe, R. M., Koob, G. F. & Le Moal, M.
1987 Modulation of social memory in male rats by
neurohypophyseal peptides. Psychopharmacology 91,
363–368. (doi:10.1007/BF00518192)
De Vries, G. J. & Panzica, G. C. 2006 Sexual differentiation
of central vasopressin and vasotocin systems in ver-
tebrates: different mechanisms, similar endpoints.
Neuroscience 138, 947–955.
de Waal, F. B. M. & Suchak, M. 2010 Prosocial primates:
selfish and unselfish motivations. Phil. Trans. R. Soc. B
365, 2711–2722. (doi:10.1098/rstb.2010.0119)
Di Paolo, T. 1994 Modulation of brain dopamine trans-
mission by sex steroids. Rev. Neurosci. 5, 27–41.
Earley, R. L. 2010 Social eavesdropping and the evolution of
conditional cooperation and cheating strategies. Phil. Trans.
R. Soc. B 365, 2675–2686. (doi:10.1098/rstb.2010.0147)
Eichenbaum, H., Dudchenko, P., Wood, E., Shapiro, M. &
Tanila, H. 1999 The hippocampus, memory, and place
cells: is it spatial memory or a memory space? Neuron
23, 209–226. (doi:10.1016/S0896-6273(00)80773-4)
Feifel, D., Mexal, S., Melendez, G., Liu, P. Y. T.,
Goldenberg, J. R. & Shilling, P. D. 2009 The Brattleboro
rat displays a natural deficit in social discrimination that
is restored by clozapine and a neurotensin analog.
Neuropsychopharmacology 34, 2011–2018. (doi:10.1038/
npp.2009.15)
Ferguson, J. N., Young, L. J., Hearn, E. F., Matzuk, M. M.,
Insel, T. R. & Winslow, J. T. 2000 Social amnesia in mice
lacking the oxytocin gene. Nat. Genet. 25, 284–288.
Ferguson, J. N., Aldag, J. M., Insel, T. R. & Young, L. J.
2001 Oxytocin in the medial amygdala is essential
for social recognition in the mouse. J. Neurosci. 21,
8278–8285.
Ferguson, J. N., Young, L. J. & Insel, T. R. 2002 The
neuroendocrine basis of social recognition. Front. Neuro-
endocrinol. 23, 200–224.
Fisher, H. E., Aron, A. & Brown, L. L. 2006 Romantic love:
a mammalian brain system for mate choice. Phil.
Trans. R. Soc. B 361, 2173–2186. (doi:10.1098/rstb.
2006.1938)
Fleming, A. S., Steiner, M. & Corter, C. 1997 Cortisol,
hedonics, and maternal responsiveness in human
mothers. Horm. Behav. 32, 85–98. (doi:10.1006/hbeh.
1997.1407)
Galea, L. A. M. 2008 Gonadal hormone modulation of
neurogenesis in the dentate gyrus of adult male and
female rodents. Brain Res. Rev. 57, 332–341.
Goodson, J. L. 2005 The vertebrate social behavior network:
evolutionary themes and variations. Horm. Behav. 48,
11–22. (doi:10.1016/j.yhbeh.2005.02.033)
Goodson, J. L. & Wang, Y. 2006 Valence-sensitive neurons
exhibit divergent functional profiles in gregarious
and asocial species. Proc. Natl Acad. Sci. USA 103,
17 013–17 017. (doi:10.1073/pnas.0606278103)
Review. Hormones and cooperative behaviour M. C. Soares et al. 2749
 on August 2, 2010rstb.royalsocietypublishing.orgDownloaded from Goodson, J. L., Evans, A. K., Lindberg, L. & Allen, C. D.
2005 Neuro-evolutionary patterning of sociality. Proc.
R. Soc. B 272, 227–235. (doi:10.1098/rspb.2004.2892)
Goodson, J. L., Evans, A. K. & Wang, Y. 2006 Neuropeptide
binding reflects convergent and divergent evolution in
species-typical group sizes. Horm. Behav. 50, 223–236.
Goodson, J. L., Kabelik, D. & Schrock, S. E. 2009 Dynamic
neuromodulation of aggression by vasotocin: influence of
social context and social phenotype in territorial song-
birds. Biol. Lett. 5, 554. (doi:10.1098/rsbl.2009.0316)
Goymann, W. 2009 Social modulation of androgens in male
birds. Gen. Comp. Endocrinol. 163, 149–157. (doi:10.
1016/j.ygcen.2008.11.027)
Goymann, W. & Wingfield, J. C. 2004 Allostatic load, social
status and stress hormones: the costs of social status
matter. Anim. Behav. 67, 591–602. (doi:10.1016/j.anbe-
hav.2003.08.007)
Goymann, W., Landys, M. M. & Wingfield, J. C. 2007
Distinguishing seasonal androgen responses from male-
male androgen responsiveness: revisiting the challenge
hypothesis. Horm. Behav. 51, 463–476. (doi:10.1016/j.
yhbeh.2007.01.007)
Grutter, A. S. & Bshary, R. 2003 Cleaner wrasse prefer client
mucus: support for partner control mechanisms in
cleaning interactions. Proc. R. Soc. Lond. B 270, S242–
S244. (doi:10.1098/rsbl.2003.0077)
Hajszan, T., Milner, T. A. & Leranth, C. 2007 Sex steroids
and the dentate gyrus. Prog. Brain Res. 163, 399–415.
(doi:10.1016/S0079-6123(07)63023-4)
Hirschenhauser, K., Mo¨stl, E. & Kotrschal, K. 1999 Within-
pair testosterone covariation and reproductive output in
greylag geese (Anser anser). Ibis 141, 577–586. (doi:10.
1111/j.1474-919X.1999.tb07365.x)
Huber, D., Veinante, P. & Stoop, R. 2005 Vasopressin and
oxytocin excite distinct neuronal populations in the
central amygdala. Science 308, 245–248. (doi:10.1126/
science.1105636)
Jacobs, J. D. & Wingfield, J. C. 2000 Endocrine control of
life cycle stages: a constraint on response to the environ-
ment? Condor 102, 35–51. (doi:10.1650/0010-
5422(2000)102[0035:ECOLCS]2.0.CO;2)
Jaeggi, A. V., Burkart, J. M. & Van Schaik, C. P. 2010 On the
psychology of cooperation in humans and other primates:
combining the natural history and experimental evidence
of prosociality. Phil. Trans. R. Soc. B 365, 2723–2735.
(doi:10.1098/rstb.2010.0118)
Kirsch, P. et al. 2005 Oxytocin modulates neural circuitry
for social cognition and fear in humans. J. Neurosci. 25,
11 489–11 493.
Koch, K. A., Wingfield, J. C. & Buntin, J. D. 2002 Gluco-
corticoids and parental hyperphagia in ring doves
(Streptopelia risoria). Horm. Behav. 41, 9–21. (doi:10.
1006/hbeh.2001.1726)
Kosfeld, M., Heinrichs, M., Zak, P. J., Fischbacher, U. &
Fehr, E. 2005 Oxytocin increases trust in humans.
Nature 435, 673–676. (doi:10.1038/nature03701)
LeDoux, J. 2007 The amygdala. Curr. Biol. 17, 868–874.
Lessells, C. M. 2008 Neuroendocrine control of life
histories: what do we need to know to understand the
evolution of phenotypic plasticity? Phil. Trans. R. Soc. B
1497, 1589–1598. (doi:10.1098/rstb.2007.0008)
Lim, M. M. & Young, L. J. 2006 Neuropeptidergic
regulation of affiliative behavior and social bonding in
animals. Horm. Behav. 50, 506–517. (doi:10.1016/j.
yhbeh.2006.06.028)
Lim, M. M., Wang, Z., Olaza´bal, D. E., Ren, X., Terwilliger,
E. F. & Young, L. J. 2004 Enhanced partner preference in
a promiscuous species by manipulating the expression of
a single gene. Nature 429, 754–757. (doi:10.1038/
nature02539)Phil. Trans. R. Soc. B (2010)Liu, D. et al. 1997 Maternal care, hippocampal glucocorti-
coid receptors, and hypothalamic–pituitary–adrenal
responses to stress. Science 277, 1659–1662. (doi:10.
1126/science.277.5332.1659)
Maclusky, N. J., Chalmers-Redman, R., Kay, G., Ju, W.,
Nethrapalli, I. S. & Tatton, W. G. 2003 Ovarian steroids
reduce apoptosis induced by trophic insufficiency in
nerve growth factor-differentiated PC12 cells and
axotomized rat facial motoneurons. Neuroscience 118,
741–754. (doi:10.1016/S0306-4522(02)00940-5)
Markham, J. A. & Juraska, J. M. 2007 Social recognition
memory: influence of age, sex, and ovarian hormonal
status. Physiol. Behav. 92, 881–888.
Maynard Smith, J. 1982 Evolution and the theory of games.
Cambridge, UK: Cambridge University Press.
McEwen, B. S. 2001 Estrogens effects on the brain: multiple
sites and molecular mechanisms. J. Appl. Physiol. 91,
2785–2801.
McNamara, J. M. & Leimar, O. 2010 Variation and the
response to variation as a basis for successful cooperation.
Phil. Trans. R. Soc. B 365, 2627–2633. (doi:10.1098/rstb.
2010.0159)
McNamara, J. M., Barta, Z. & Houston, A. I. 2004 Variation
promotes cooperation in the Prisoner’s Dilemma game.
Nature 428, 745–747. (doi:10.1038/nature02432)
Meaney, M. J. 2001 Maternal care, gene expression, and the
transmission of individual differences in stress reactivity
across generations. Neuroscience 24, 1161–1192.
Meyer-Lindenberg, A., Hariri, A. R., Munoz, K. E., Mervis,
C. B., Mattay, V. S., Morris, C. A. & Berman, K. F. 2005
Neural correlates of genetically abnormal social cognition
in Williams syndrome. Nat. Neurosci. 8, 991–993.
(doi:10.1038/nn1494)
Milinski, M., Semmann, D. & Krambeck, H. 2002 Donors
to charity gain in both indirect reciprocity and political
reputation. Proc. R. Soc. Lond. B 269, 881–883.
(doi:10.1098/rspb.2002.1964)
Nelson, R. J. 2005 An introduction to behavioral endocrinology,
3rd edn. Sunderland, MA: Sinauer Associates.
Newman, S. W. 1999 The medial extended amygdala in
male reproductive behavior: a node in the mammalian
social behavior network. Ann. NY Acad. Sci. 877,
242–257. (doi:10.1111/j.1749-6632.1999.tb09271.x)
Noe¨, R. 2001 Biological markets: partner choice as a driving
force behind the evolution of mutualism. In Economics
in nature (eds R. Noe¨, J. A. R. A. M. Van Hooff & P.
Hammerstein), pp. 93–118. Cambridge, UK: Cambridge
University Press.
Norris, D. O. 2007 Vertebrate endocrinology, 4th edn. Boston,
MA: Elsevier Academic Press.
Nowak, M. A. & Sigmund, K. 1992 Tit for tat in hetero-
geneous populations. Nature 355, 250–253. (doi:10.
1038/355250a0)
Oliveira, R. F. 2004 Social modulation of androgens in ver-
tebrates: mechanisms and function. Adv. Stud. Behav.
34, 165–239. (doi:10.1016/S0065-3454(04)34005-2)
Oliveira, R. F. 2005 Hormones, social context and animal
communication. In Animal communication networks
(ed. P. K. McGregor), pp. 481–520. Cambridge, UK:
Cambridge University Press.
Oliveira, R. F. 2009 Social behavior in context: hormonal
modulation of behavioural plasticity and social competence.
Integ. Comp. Biol. 49, 423–440. (doi:10.1093/icb/icp055)
Øverli, Ø., Korzan, W. J., Larson, E. T., Winberg, S.,
Lepage, O., Pottinger, T. G., Renner, K. J. & Summers,
C. H. 2004 Behavioral and neuroendocrine correlates
of displaced aggression in trout. Horm. Behav. 45,
324–329. (doi:10.1016/j.yhbeh.2004.01.001)
Parducz, A., Hajszan, T., MacLusky, N. J., Hoyk, Z.,
Csakvari, E., Kurunczi, A., Prange-Kiel, J. & Leranth, C.
2750 M. C. Soares et al. Review. Hormones and cooperative behaviour
 on August 2, 2010rstb.royalsocietypublishing.orgDownloaded from 2006 Synaptic remodeling induced by gonadal hormones:
neuronal plasticity as a mediator of neuroendocrine
and behavioral responses to steroids. Neuroscience 138,
977–985.
Porges, S. W. 2001 The polyvagal theory: phylogenetic
substrates of a social nervous system. Int. J. Psychophysiol.
42, 123–146.
Remage-Healey, L. & Bass, A. H. 2006a From social
behavior to neural circuitry: steroid hormones rapidly
modulate advertisement calling via a vocal pattern
generator. Horm. Behav. 50, 432–441.
Remage-Healey, L. & Bass, A. H. 2006b A rapid neuro-
modulatory role for steroid hormones in the control of
reproductive behavior. Brain Res. 1126, 27–35.
Rilling, J. K., King-Casas, B. & Sanfey, A. G. 2008 The
neurobiology of social decision-making. Curr. Opin.
Neurobiol. 18, 159–165. (doi:10.1016/j.conb.2008.06.003)
Rimmele, U., Hediger, K., Heinrichs, M. & Klaver, P. 2009
Oxytocin makes a face in memory familiar. J. Neurosci.
29, 38–42.
Roberts, W. A., Feeney, M. C., MacPherson, K., Petter, M.,
McMillan, N. & Musolino, E. 2008 Episodic-like
memory in rats: is it based on when or how long ago?
Science 320, 113–115. (doi:10.1126/science.1152709)
Sherratt, T. N. & Roberts, G. 2001 The importance of
phenotypic defectors in stabilizing reciprocal altruism.
Behav. Ecol. 12, 313–317. (doi:10.1093/beheco/12.3.313)
Silk, J. B. 2003 Cooperation without couting: the puzzle of
friendship. In Genetic and cultural evolution of cooperation
(ed. P. Hammerstein), pp. 37–54. Cambridge, MA:
MIT Press.
Skuse, D. H. & Gallagher, L. 2009 Dopaminergic–
neuropeptide interactions in the social brain. Trends
Cogn. Sci. 13, 27–35. (doi:10.1016/j.tics.2008.09.007)
Soma, K. K., Scotti, M. A., Newman, A. E., Charlier, T. D. &
Demas, G. E. 2008 Novel mechanisms for neuroendocrine
regulation of aggression. Front. Neuroendocrinol. 29,
476–489. (doi:10.1016/j.yfrne.2007.12.003)
Squire, L. R. 1992 Memory and the hippocampus: a syn-
thesis from findings with rats, monkeys, and humans.
Psychol. Rev. 99, 195–231. (doi:10.1037/0033-295X.99.
2.195)
Stein, M. B., Goldin, P. R., Sareen, J., Zorrilla, L. T. &
Brown, G. G. 2002 Increased amygdala activation to
angry and contemptuous faces in generalized social
phobia. Arch. Gen. Psychiatry 59, 1027–1034. (doi:10.
1001/archpsyc.59.11.1027)
Stribley, J. M. & Carter, C. S. 1999 Developmental exposure
to vasopressin increases aggression in adult prairie voles.
Proc. Natl Acad. Sci. USA 96, 12 601–12 604. (doi:10.
1073/pnas.96.22.12601)
Suddendorf, T. & Busby, J. 2003 Mental time travel in
animals? Trends Cogn. Sci. 7, 391–396. (doi:10.1016/
S1364-6613(03)00187-6)
Tebbich, S., Bshary, R. & Grutter, A. S. 2002 Cleaner fish,
Labroides dimidiatus, recognise familiar clients. Anim.
Cogn. 5, 139–145.
Thompson, R. R. & Walton, J. C. 2004 Peptide effects on
social behavior: the effects of vasotocin and isotocin
on social approach behavior in male goldfish. Behav.
Neurosci. 118, 620–626.
Thompson, R. R., Gupta, S., Miller, K., Mills, S. & Orr, S.
2004 Vasopressin effects on facial responses related
to social communication in human males. Psycho-
neuroendocrinology 29, 35–48. (doi:10.1016/S0306-
4530(02)00133-6)
Thompson, R. R., George, K., Walton, J. C., Orr, S. P. &
Benson, J. 2006 Sex-specific influences of vasopressin
on human social communication. Proc. Natl Acad. Sci.
USA 103, 7889–7894. (doi:10.1073/pnas.0600406103)Phil. Trans. R. Soc. B (2010)Viviani, D. & Stoop, R. 2008 Opposite effects of oxytocin
and vasopressin on the emotional expression of the fear
response. Prog. Brain Res. 170, 207–218. (doi:10.1016/
S0079-6123(08)00418-4)
Weaver, I. C. G., Cervoni, N., Champagne, F. A., D’Alessio,
A. C., Sharma, S., Seckl, J. R., Dymov, S., Szyf, M. &
Meaney, M. J. 2004 Epigenetic programming by maternal
behavior. Nat. Neurosci. 7, 847–854.
Weiß, B. M., Kotrschal, K., Mo¨stl, E. & Hirschenhauser, K.
2010 Social and life history correlates of hormonal
partner compatibility in greylag geese (Anser anser).
Behav. Ecol. 21, 138–143.
Wersinger, S. R., Kelliher, K. R., Zufall, F., Lolait, S. J.,
O’Carroll, A. M. & Young, W. S. 2004 Social motivation
is reduced in vasopressin 1b receptor null mice despite
normal performance in an olfactory discrimination task.
Horm. Behav. 46, 638–645. (doi:10.1016/j.yhbeh.2004.
07.004)
Whalen, P. J., Rauch, S. L., Etcoff, N. L., McInerney, S. C.,
Lee, M. B. & Jenike, M. A. 1998 Masked presentations of
emotional facial expressions modulate amygdala activity
without explicit knowledge. J. Neurosci. 18, 411–418.
Williams, J. R., Catania, K. C. & Carter, C. S. 1992
Development of partner preferences in female prairie
voles (Microtus ochrogaster): the role of social and sexual
experience. Horm. Behav. 26, 339–349. (doi:10.1016/
0018-506X(92)90004-F)
Williams, J. R., Insel, T. R., Harbaugh, C. R. & Carter, C. S.
1994 Oxytocin administered centrally facilitates for-
mation of a partner preference in female prairie voles
(Microtus ochrogaster). J. Neuroendocrinol. 6, 247–250.
(doi:10.1111/j.1365-2826.1994.tb00579.x)
Wingfield, J. C. 2008 Organisation of vertebrate annual
cycles: implications for control mechanisms. Phil.
Trans. R. Soc. B 363, 425–441. (doi:10.1098/rstb.2007.
2149)
Wingfield, J. C., Hegner, R. E., Dufty Jr, A. M. & Ball, G. F.
1990 The ‘challenge hypothesis’: theoretical implications
for patterns of testosterone secretion, mating systems, and
breeding strategies. Am. Nat. 136, 829–846. (doi:10.
1086/285134)
Wingfield, J. C., Moore, I. T., Goymann, W., Wacker, D. &
Sperry, T. 2006 Contexts and ethology of vertebrate
aggression: implications for the evolution of hormone–
behavior interactions. In Biology of aggression (ed. R.
Nelson), pp. 179–210. New York, NY: Oxford University
Press.
Winslow, J. T., Hastings, N., Carter, C. S., Harbaugh, C. R.
& Insel, T. R. 1993 A role for central vasopressin in pair
bonding in monogamous prairie voles. Nature 365,
545–548. (doi:10.1038/365545a0)
Young, L. J. & Wang, Z. 2004 The neurobiology of pair
bonding. Nat. Neurosci. 7, 1048–1054. (doi:10.1038/
nn1327)
Young, W. S., Li, J., Wersinger, S. R. & Palkovits, M. 2006
The vasopressin 1b receptor is prominent in the
hippocampal area CA2 where it is unaffected by restraint
stress or adrenalectomy. Neuroscience 143, 1031–1039.
(doi:10.1016/j.neuroscience.2006.08.040)
Young, A. J., Monfort, S. L. & Clutton-Brock, T. H. 2008a
The causes of physiological suppression among female
meerkats: a role for subordinate restraint due to the
threat of infanticide? Horm. Behav. 53, 131–139.
(doi:10.1016/j.yhbeh.2007.09.005)
Young, K. L., Liu, Y. & Wang, Z. X. 2008b Neurobiology
of social attachment: a comparative approach to
behavioral, neuroanatomical, and neurochemical studies.
Comp. Biochem. Physiol. 148, 401–410.
Zeki, S. 2007 The neurobiology of love. FEBS Lett. 581,
2575–2579. (doi:10.1016/j.febslet.2007.03.094)
